By using the coupled mode theory, the vector expressions of the core and the cladding electromagnetic field components of long-period fiber grating are analyzed. After the effective refractive indexes and the coupling constants of the core and cladding mode are solved, the transmission spectrum of the long-period fiber grating is obtained through solving the coupled mode equations by numerical integration method. The transmission spectra corresponding to single-mode and multi-mode are simulated, respectively. The research provides the theoretical foundation for the optimization design of the long-period fiber grating and its application in the field of the optic fiber sensing and communication.
Introduction
By virtue of advantages such as anti-electromagnetic interference, high precision, good stability, anti-corrosion, low insertion loss, low-level back reflection, small size, easy of mass-fabrication and so on, long-period fiber gratings (LPFGs) have attracted much attention, and become the key study subject in the field of sensing and communication in recent years [1~3] . The LPFG can couple light from core mode to cladding modes when the phase matching condition is met, so a series of loss peaks appear in its transmission spectrum. As a new kind of important optical fiber passive component, the research on the calculation of the transmission spectrum becomes a key issue because its working principle is closely related to the resonant wavelength. Yariv proposed a formula method for calculating the transmission spectrum of the LPFG, which can be used to solve core mode coupling with single cladding mode [4] . Kermisch proposed a kind of line matrix calculation method to get the transmission spectrum of the LPFG [5] . Kogelnik deduced two coupled mode equations to a International Symposium on Computers & Informatics (ISCI 2015) single Riccati differential equation to get the numerical solution of the transmission spectrum of the LPFG [6] .These calculation methods are complex in theory or calculation. In this work, Mode Field Analysis Method for calculating the transmission spectrum of the LPFG is proposed. The results will provide a high accuracy and simple calculation method for calculating LPFG transmission spectra, which is important for the research and application of LPFG.
2 Theoretical analysis on the method for solving the transmission spectrum of the LPFG (a) Structure model of the LPFG (b) Refractive index profile Fig.1 Diagram of the LPFG model The refractive indices of the core, cladding and surrounding are n 1 , n 2 , n 3, respectively. a 1 , a 2 are the radii of the core, cladding, respectively. The grating period is Λ. The average index change of grating area is σ. The order of magnitude is 10 -4 . For an ideal uniform fiber, core mode and each cladding mode are orthogonal to each other, so there is no mode coupling in it. When a grating is written in the fiber, the consistency of the optical fiber properties is destroyed, and the disturbance of the dielectric constant is produced. This kind of periodic disturbance along the fiber axial makes the core mode coupled to the cladding modes. In order to make the solving of the transmission spectrum of the LPFG easy, we do the following approximation:
(1) Due to the field component along the fiber axial is smaller 1~2 orders of magnitude than that of along the fiber radial, and longitudinal coupling coefficient is smaller 2~4 orders of magnitude than that of horizontal, the longitudinal coupling coefficient can be ignored.
(2) The refractive index modulation exists only in fiber core, relativing to the coupling between the co-directional core mode and the contra-directional core mode and cladding modes, the coupling between the cladding modes can be ignored.
(3) The refractive index modulation of the LPFG axial direction is circular symmetry, so the coupling between the forward propagation of core mode HE 11 and the co-propagating cladding modes HE 1v can only be considered [7] .
Core LPFG By the above approximation, the calculations of the LPFG transmission spectra can be performed according to the following steps:
(1) Setting the basic parameters of the LPFG After setting the parameters of the LPFG including the refractive indices of the core, the inner cladding, the extramural cladding, the radii of the core and cladding, the period of grating and the grating length, the variation of fiber grating core refractive index along Z axis ) (z n δ can be expressed as:
is the average variation of the effective refractive index in one grating period, ν is the contrast of the refractive index modulation, Λ is the period of grating, ) (z φ is the phase shift of the fiber gratings related to the origin.
(2) Calculating the effective refractive index for the core mode and the cladding mode. The core mode eigenvalue equation ( LP 01 mode)can be expressed as [7] The cladding mode eigenvalue equation(dispersion equation) can be expressed as [8] [8] .
(4) Calculation of the self-coupling coefficient of core-mode and the cross-coupling coefficient between core mode and cladding mode according to the modefield distributions.
The self-coupling coefficient of the fundamental core mode 
The amplitude of the core mode along z axis direction A are solved by the numerical integral method, so this method is also named integral method. In theory this method can directly solve the total transmission spectrum of the fundamental core mode coupling with all order cladding modes, and the transmission spectrum can be obtained accurately by this method.
Numerical simulation of the transmission spectrum for the LPFG
The grating parameters used in calculation are: a 1 =2.625µm, a 2 =62.5µm; n 0 =1.468, n 1 =1.458, n 2 =1.45, n 3 =1. The average index change of grating area σ=4×10 -4 , the grating period Λ=450μm, the grating length L=2.0cm. Fig.2 Transmission spectra of the LPFG solved by integral method Figure 2(a) shows the transmission spectrum for the core mode coupling with the 7th cladding mode. Besides the maximum resonance peak appears at λ=1562nm, other small resonance peaks appear on both sides of the maximum resonance peak. These sidelobes are inducted by the mutations of the fiber core refractive index on both ends of the fiber. The energies of these sidelobes are far less than that of the resonance peak at λ=1562nm, so they can be neglected generally. Figure 2(b) shows the transmission spectrum of the LPFG for the core mode coupling with the multi-cladding mode orders (v错误!未定义书签。 = 1-9). We can see that a series of discrete loss peaks appear in the transmission spectrum. Each loss peak corresponds to one odd number cladding mode coupling with the core mode, those loss peaks corresponding to the core mode coupling with the even number cladding modes are so small that almost invisible to our eyes. The intervals between adjacent loss peaks and the transmissivities increase with the increase of the cladding mode. The reason for this is that the energy coupled to the cladding modes is recoupled back to the corn mode partly [10] , so the energy of the cladding modes decreases rapidly with the increase of the cladding mode order. In addition, for the higher order cladding modes, the coupling strength is very weak [11] , which causes the loss peaks so small that could not be observed in the transmission spectrum.
Summary
Based on the vector field analysis method, a numerical model for three-cladding long-period fiber gratings is established by using the coupled-mode theory. The transmission spectra of the long-period fiber gratings are analyzed and calculated. At first, the electric and magnetic fields within the fiber core and cladding are analyzed by means of vector analysis, the component of the vector field of the fiber core, cladding, thin films, and external environment are calculated , respectivily. Then the coupling constant and the effective refractive index of the fiber core and cladding mode are acquired. Finally, the amplitude of fiber core and cladding mode are worked out by the integration of the coupled-mode equations, then the transmissivity of the long-period fiber grating is obtained. The research can provide some theory basis for the optimization design of the long-period fiber grating and its actual application in the field of optical fiber communication.
